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Cont ro l  l e d  atmosphere e l e c t r o n  microscopy has p rov ided  unique 
i n s i g h t  i n t o  t h e  d e t a i l s  o f  t h e  mode o f  c a t a l y t i c  a t t a c k  o f  carbons by 
r e a c t i v e  gases (1). Many o f  t h e  systems i n v e s t i g a t e d  show g r a p h i t e  
g a s i f i c a t i o n  t o  occur a t  t h e  i n t e r f a c e s  between d i s c r e t e  c a t a l y s t  p a r t i c l e s  
and edges o f  t h e  g r a p h i t e  l a y e r  planes. 
t h e  fo rma t ion  o f  channels th rough t h e  g r a p h i t e  sheets. 
Mo ( 2 ) )  d i s p l a y  inc reased tendency t o  wet t h e  r e a c t i v e  g r a p h i t e  su r face  and 
t h e r e f o r e  e x h i b i t  a s t ronger  i n t e r a c t i o n .  

o f  carbon and have been e x t e n s i v e l y  s tud ied .  Several  i n v e s t i g a t o r s  have 
p rov ided  evidence t h a t  potassium s a l t s  r e a c t  r e a d i l y  w i t h  t h e  carbon subs t ra te  
t o  form sur face  s a l t  complexes (3).  We undertook t h i s  s tudy  i n  p a r t  t o  see i f  
t h e  morphology o f  K2CO3 - ca ta l yzed  a t t a c k  would r e f l e c t  t h i s  s t r o n g  su r face  
bonding. 

EXPERIMENTAL METHOD 

Graph i te  i s  removed i n  these cases by 
Some c a t a l y s t s  (e.g. 

A l k a l i  s a l t s  a r e  perhaps t h e  bes t  known c a t a l y s t s  f o r  g a s i f i c a t i o n  

A l l  exper iments were performed i n  t h e  c o n t r o l l e d  atmosphere 
microscope (4). 
hea t ing  stages and impregnated by a f i n e  m i s t  o f  0.1% K2C03 s o l u t i o n .  Water 
vapor was admi t ted  t o  t h e  c o n t r o l l e d  atmosphere c e l l  f rom a wet argon 
stream. The behav io r  was mon i to red  as t h e  sample was taken by steps th rough 
hea t ing  and c o o l i n g  cyc les  t o  temperatures as h i g h  as 800°C. 
temperatures than t h i s  were avoided t o  min imize  t h e  amount o f  c a t a l y s t  
vapor i za t i on .  Several  success fu l  runs  on d i f f e r e n t  samples make up t h e  data 
base. 

Pure, t h i n  specimens o f  Ticonderoga g r a p h i t e  were mounted on 

Higher 
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RESULTS 

I n i t i a l  hea t ing  c y c l e  i n  H30 

We paused f o r  s u f f i c i e n t  t i m e  (15 min)  a t  each tempera ture  du r ing  
t h e  i n i t i a l  hea t ing  program t o  d e t e c t  s low changes i n  t h e  specimen and 
c a t a l y s t  morphology. 
t h e  ga the r ing  o f  p a r t i c l e s  o f  K2C0 on t h e  edge o f  t h e  specimen (see F igu re  
l a ) .  The p a r t i c l e s  g e n e r a l l y  had T i q u i d - l i k e  shapes w i t h  con tac t  angles 
suges t i ve  o f  a t t r a c t i v e  ( w e t t i n g )  i n t e r a c t i o n .  When t h e  tempera ture  was 
r a i s e d  above 550°C t h e  p a r t i c l e s  s low ly ,  o r  more r a p i d l y  a t  h ighe r  
temperature,  d isappeared from t h e  g r a p h i t e  edge. The sequence o f  photographs 
i n  F igu re  1 shows t h i s  occur rence over t h e  span o f  approx imate ly  2 minutes a t  
670OC. 
was shown by t h e  subsequent g a s i f i c a t i o n  behav io r  o f  t h e  g raph i te .  There fore  
we b e l i e v e  t h a t  t h e  disappearance o f  t h e  p a r t i c l e s  r e f l e c t s  spreading o f  t he  
s a l t  t o  a t h i n  f i l m  on t h e  g r a p h i t e  su r face  r a t h e r  than evapora t ion .  

Up t o  tempera tures  o f  550°C t h e  on ly  change n o t i c e d  was 

That c a t a l y s t  remained on t h e  specimen a f t e r  t h e  p a r t i c l e s  disappeared 

Onset o f  g a s i f i c a t i o n  

Almost s imu l taneous ly  w i t h  t h e  disappearance o f  t h e  c a t a l y s t  
p a r t i c l e s ,  a t t a c k  o f  t h e  edges o f  t h e  g r a p h i t e  specimen became ev iden t .  
edges began reced ing  a t  many p laces  a long  t h e  e n t i r e  edge, a t  f i r s t  showing as 
a s e r i e s  o f  i r r e g u l a r  notches. Soon t h e  notches took  on a hexagona l ly  
f a c e t t e d  appearance (see F igu re  2). 
t o o  slow t o  be r e a d i l y  apparent i n  r e a l  t i m e  bu t  inc reased w i t h  i n c r e a s i n g  
temperature.  The r a t e s  were much f a s t e r  than t h e  uncata lyzed r a t e  a t  t h e  same 
cond i t i ons ,  r e f l e c t i n g  t h e  f a c t  t h a t  c a t a l y s t  had remained on t h e  sample. The 
edge recess ion  e v e n t u a l l y  i n v o l v e d  t h e  e n t i r e  specimen edge w i t h  hexagonal 
f a c e t i n g  th roughout .  

We analyzed f i l m s  o f  t h e  exper imenta l  runs t o  d e r i v e  r a t e s  o f  edge 
recession. React ive  edges e x h i b i t  a rep roduc ib le  and c h a r a c t e r i s t i c  recess ion  
r a t e  which i s  general  f o r  a l l  f e a t u r e s  on a g i ven  sample. These r a t e s  f o r  one 
run  a re  p l o t t e d  i n  F igu re  3. Data a re  shown f o r  bo th  i nc reas ing  temperature 
sequence and decreasing tempera ture  sequence. We observed no h y s t e r e s i s  i n  
t h e  ra tes  f o r  a complete c y c l e  o f  temperature.  

D I SCUSS I ON 

The 

The r a t e  o f  edge recess ion  a t  550°C was 

The morphology o f  t h e  K2CO3 c a t a l y s t  d u r i n g  g a s i f i c a t i o n  i s  s t r i k i n g  
c o n f i r m a t i o n  o f  s t rong  i n t e r a c t i o n  betwen t h e  c a t a l y s t  and t h e  edges o f  t h e  
g r a p h i t e  l a t t i c e .  The i n t e r f a c i a l  bonding i s  s t r o n g  enough t o  compete w i t h  
t h e  cohesive bonding w i t h i n  t h e  b u l k  s a l t  and e f f e c t i v e l y  d i spe rse  t h e  
c a t a l y s t  a long t h e  a c t i v e  edge. 
analogs have been i d e n t i f i e d  on l e s s  ordered carbons impregnated w i t h  a l k a l i  
c a t a l y s t s  and quenched from g a s i f i c a t i o n  c o n d i t i o n s  (3c) .  These su r face  s a l t s  
a r e  though t o  be respons ib le  f o r  t h e  h i g h  d i s p e r s i o n  o f  a l k a l i  c a t a l y s t s  on 
carbons such as coal  char  and a l s o  e x p l a i n  t h e  r e p r o d u c i b i l i t y  o f  t h e  
c a t a l y t i c  e f f e c t  o f  potassium s a l t s  on these m a t e r i a l s .  

Sur face  s a l t s  groups such as phenoxide 
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Hexagonal f a c e t i n g  of t he  g a s i f y i n g  g r a p h i t e  edge r e f l e c t s  a 
p r e f e r e n t i a l  r e a c t i o n  o f  one c r y s t a l l o g r a p h i c  o r i e n t a t i o n  over  another.  J. M. 
Thomas e x p l o i t e d  t h i s  f e a t u r e  very e l e g a n t l y  i n  o p t i c a l  microscopy (5).  
face ts  i n  t h i s  s tudy  a re  a l i g n e d  p a r a l l e l  t o  t h e  <1120> se t  of c r y s t a l  
d i r e c t i o n s .  
w i t h  respec t  t o  t w i n  bands a long t h e  <1010> d i r e c t i o n  which a r e  u s u a l l y  
Present i n  g r a p h i t e  specimens. 
The K2CO3 ca ta l yzed  r e a c t i o n  thus  exposes t h e  " z i g  zag" p r e s e n t a t i o n  
Of t h e  surface. T h i s  o r i e n t a t i o n  must be l e s s  r e a c t i v e  than  o t h e r  
o r i e n t a t i o n s ,  f o r  example t h e  "a rmcha i r "  o r  - 
conf igu ra t i on .  Th is  i s  perhaps no t  s u r p r i s i n g  
presents  one uncondensed carbon atom pe r  r i n g  exposed a t  t h e  edge whereas t h e  
<1010> o r i e n t a t i o n  presents  two uncondensed carbons toge the r .  
might a p r i o r i  be expected t o  be the  more r e a c t i v e  and would e x p l a i n  t h e  
r e s u l t s  ob ta ined here. 
p i t s  i n  t h e  graph i te -02  r e a c t i o n  on r e a c t i o n  cond i t i ons .  

The a c t i v a t i o n  energy de r i ved  f rom t h e  edge recess ion  data (35 
k c a l h o l )  i s  lower than t h a t  observed by McKee and C h a t t e r j i  f o r  K2C03,0n 
g r a p h i t e  (52.2 kcal /mol (6 ) ) .  D i r e c t  comparison i s  d i f f i c u l t  because i n  
n e i t h e r  study i s  t h e  reac tan t  gas compos i t ion  ( p a r t i c u l a r l y  t h e  H2 p a r t i a l  
p ressure)  we1 1 charac ter ized .  Furthermore very  d i f f e r e n t  p ressures  were used 
i n  t h e  two s tud ies .  

CONCLUSIONS 

The 

Th is  can be determined by n o t i n g  t h e  o r i e n t a t i o n  o f  t h e  f a c e t s  

One such t w i n  boundary appears i n  F igu re  2. 

The l a t t e r  

Thomas d i d  see a dependence o f  t h e  o r i e n t a t i o n  o f  e t c h  

We have seen mic roscop ic  evidence o f  s t r o n g  i n t e r a c t i o n  between 
potassium c a t a l y s t  and t h e  r e a c t i v e  edges o f  g raph i te .  
thought  t o  be d r i v e n  by t h e  fo rma t ion  o f  su r face  s a l t  bonds. The spreading o f  
t h e  c a t a l y s t  which r e s u l t s  from t h i s  s t r o n g  i n t e r a c t i o n  p rov ides  h i g h  
d i s p e r s i o n  and e f f i c i e n t  use o f  t h e  c a t a l y s t .  The hexagonal f a c e t t i n g  
p rov ides  a d d i t i o n a l  i n s i g h t  i n t o  t h e  r e a c t i v i t y  o f  proposed su r face  ensembles. 

Th is  i n t e r a c t i o n  i s  
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Figure 3. Arrhenius plot o f  catalyzed edge recession rates  measured on a 
s ingle  graphite sample. 
Data for ascending and descending temperature sequence are  shown a t  
several temperatures 

Data points a re  the average o f  many features. 
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